Intrauterine infection, which occurs in most early preterm births, triggers an immune response culminating in preterm labor. The authors hypothesize that blockade of lipopolysaccharide (LPS)-induced immune responses by a toll-like receptor 4 antagonist (TLR4A) would prevent elevations in amniotic fluid (AF) cytokines, prostaglandins, and uterine contractility. Chronically catheterized rhesus monkeys at 128 to 147 days' gestation received intra-amniotic infusions of either (1) saline (n = 6), (2) LPS (0.15-10 μg; n = 4), or (3) TLR4A pretreatment with LPS (10 μg) 1 hour later (n = 4). AF cytokines, prostaglandins, and uterine contractility were compared using 1-way ANOVA with Bonferroniadjusted pairwise comparisons. Compared with saline controls, LPS induced significant elevations in AF interleukin-8 (IL-8), tumor necrosis factor (TNF)-α, PGE 2 , PGF 2α , and uterine contractility ( P < .05). In contrast, TLR4A pretreatment inhibited LPS-induced uterine activity and was associated with significantly lower AF IL-8, TNF-α, PGE 2 , and PGF 2α versus LPS alone (P < .05). Toll-like receptor antagonists, together with antibiotics, may delay or prevent infection-associated preterm birth.
We previously demonstrated that immunomodulators (indomethacin, dexamethasone, and IL-10) significantly inhibited uterine activity and the proinflammatory cascade induced by intra-amniotic infusion of IL-1β in a nonhuman primate (NHP) model of preterm labor. 7, 8 Furthermore, dexamethasone and indomethacin administered with antibiotics prolonged gestation and suppressed amniotic fluid cytokine and prostaglandin production in response to experimental IAI with group B streptococcus. 9 These immunomodulators targeted cytokine and prostaglandin production, which likely represent downstream events in the inflammatory cascade and may not protect the fetus from adverse sequelae of intrauterine infection. Further inhibition of uterine activity and the fetal inflammatory response could result from blockade of the initial events in immune recognition of bacteria mediated by toll-like receptors (TLRs), which are the principal and earliest sensors of bacterial pathogens. 10 To determine whether blockade of TLRs would further inhibit preterm labor and the cytokine-prostaglandin cascade, we developed a lipopolysaccharide (LPS) model I ntra-amniotic infection (IAI), present in most cases of early preterm birth, triggers an immune response thought to result in preterm labor. 1, 2 Elevations in amniotic fluid proinflammatory cytokines (interleukin [IL]-1β, tumor necrosis factor [TNF]-α, IL-6, IL-8) and prostaglandins (PGE 2 , PGF 2α ) have been reported in women and rhesus monkeys with intra-amniotic infection and preterm labor, suggesting that proinflammatory mediators play a key role in triggering uterine contractions. [3] [4] [5] [6] of preterm birth. LPS is the major component of the outer membrane of gram-negative bacteria and is an inflammatory stimulus not associated with bacterial tissue invasion that could introduce confounding experimental variables.Toll-like receptor 4 (TLR4) recognizes LPS and triggers proinflammatory cytokine gene expression. [11] [12] [13] TLR4 is abundantly expressed in the placenta, including the amniotic epithelium, and increased chorioamniotic expression has been described with intrauterine infection. [14] [15] [16] Although intrauterine injection of LPS induces preterm birth in many murine models, administration of LPS to TLR4 mutant mice (C3H/HEJ) does not result in preterm delivery. 12 Experimental dissection of the immune response is difficult when using a live pathogen because of confounding variables introduced by microbial invasion or tissue damage. Antagonism of TLR4 in an LPS model allows investigation of the specific effect of blocking the earliest immune responses to intra-amniotic bacterial products without confounding variables introduced by a live pathogen such as microbial invasion and tissue damage.
Our study hypothesis is that intra-amniotic infusion of a TLR4A inhibits LPS-induced uterine contractility and the cytokine-prostaglandin cascade in a nonhuman primate model. To investigate this hypothesis, we use a long-term catheterized model in pregnant rhesus monkeys in which placentation and the endocrine and paracrine control of parturition is similar to human pregnancy.We infused LPS into the amniotic cavity of stable catheterized nonhuman primates and studied the effect of TLR4 antagonism on uterine activity and on the endogenous production of cytokines, chemokines, prostaglandins, and matrix metalloproteinase-9 (MMP-9). To our knowledge, this study is the first to demonstrate the immunologic and physiologic consequences of an intraamniotic LPS stimulus in an NHP model and to test proof of concept in applying TLR4 antagonism as a novel interventional strategy.
MATERIAL AND METHODS

Animals and Study Groups
Study protocols were approved by the Institutional Animal Care and Utilization Committee,and guidelines for humane care were followed. Timed-pregnant rhesus monkeys (Macaca mulatta) were adapted to a vest and mobile catheter protection device as previously described. 17 Intrauterine surgery was performed, on average, at 123 days' gestation (range, 119-126 days) to implant fetal electrocardiogram electrodes and catheters in the amniotic fluid, maternal femoral vein and artery, fetal jugular vein, and fetal carotid artery. Postoperative intravenous infusions included 250 mg cefazolin sodium every 12 hours for 5 days to prevent infection and either terbutaline sulfate (Bricanyl; Merrel Dow Pharm Inc, Kansas City, MO) or atosiban (Merck & Co, Inc; West Point, PA) for 1 to 5 days to control uterine irritability. At our center, term gestation in the noninstrumented rhesus monkey population averages 167 days (range, 155-172 days).
Experimental intra-amniotic infection was simulated by intra-amniotic inoculation of LPS in 8 animals. Four of these animals were observed without treatment after receiving 150 ng (n = 1), 1 μg (n = 1), or 10 μg (n = 2) LPS, and they constituted the LPS-only group (n = 4). The animal receiving 1 μg of LPS also received a second LPS infusion (10 μg) 8 days later to investigate potential endotoxin tolerance. The remaining 4 animals received intra-amniotic inoculations of 10 mg TLR4 antagonist followed by 10 μg of LPS 1 hour later, which represents a 1000-fold excess of antagonist to agonist.To determine whether TLR4 antagonism of LPS induction of intrauterine inflammation was effective 1 week after initial inoculation, we administered 10 mg LPS into the amniotic fluid. Representative data from the second LPS infusion in the TLR4 antagonist (n = 4) or the LPS group (n = 1) were graphically depicted ( Figure 1 ) but not otherwise analyzed. An additional 6 animals serving as controls received only saline intra-amniotic inoculations, and selected data have been previously published.
LPS and TLR4A
The LPS was from Escherichia coli (L3024, O111:B4 serotype; Sigma Chemical Co, St Louis, MO) and purified by phenol extraction and ion exchange chromatography. LPS was then reconstituted in endotoxin-free water (210-7; Sigma).The lot used was estimated to have a protein contamination level of 0.3% and 1250 million endotoxin units per milligram.The TLR4A is a synthetic lipid A analog, the toxic portion of LPS (GlaxoSmithKline Biologicals, Research Triangle Park, NC). 18 The TLR4A was a gift from GlaxoSmithKline.
Uterine Activity, Preterm Labor, and Cesarean Delivery
Intra-amniotic pressure was continuously recorded from the time of surgery, digitized, and analyzed as previously described. 6 The integrated area under the intrauterine pressure curve was used as the measure of uterine activity and reported as the hourly contraction area (HCA; mm Hg . s/h) over 24 hours. Preterm labor was defined as >1000 mm Hg . s/h associated with a change in cervical effacement or dilation. Cesarean delivery was performed to optimize the collection of intact gestational tissues when vaginal delivery was considered to be imminent. After cesarean delivery, fetuses were euthanized by barbiturate overdose followed by exsanguination and fetal necropsy. Complete gross and histopathologic examination was performed on infants and placentas.
Quantitation of Amniotic Fluid Cytokines, Prostaglandins, and Matrix Metalloproteinases
Beginning 48 hours prior to LPS or TLR4A inoculation, amniotic fluid was sampled daily until delivery. Samples were centrifuged and the supernatant frozen and stored at -20°C. Prior to freezing, ethylenediaminetetraacetic acid (7.9 mM) and indomethacin (0.3 mM) were added to samples saved for prostaglandin quantitation to prevent prostaglandin metabolism. Quantities of IL-1β, IL-6, IL-8, PGE 2 , and PGF 2α were determined using commercially available human enzyme-linked immunosorbent assay (ELISA) (BioSource International, Camarillo, CA) and EIA kits (Cayman Chemical, Ann Arbor, MI). TNF-α concentrations were determined by rhesus monkeyspecific ELISA (BioSource International). Standard gelatin zymography was used to semiquantitate the activity of MMP-2 and MMP-9 in amniotic fluid, adapted from previously published methods. In brief, all amniotic fluid samples (5 μL volume) from 1 animal were loaded onto a gelatin-containing polyacrylamide gel, electrophoresed at constant voltage, digested for 24 hours, and stained with Coomassie blue R-250. Gels were scanned, and densitometric analysis of integrated area of lysis was conducted using Scion Image (National Institutes of Health). Comparisons of MMP-9 concentrations were conducted on the percentage change from average baseline to average postinoculation sample for each animal.
Statistical Analysis
Study outcomes were quantities of uterine activity (mean 24-hour HCA), amniotic fluid cytokines (IL-1β,TNF-α, IL-6), prostaglandins (PGE 2 , PGF 2α ), and matrix metalloproteinases (MMP-2, MMP-9) during the peak response in the first 7 days after LPS inoculation and are presented as the mean and standard error of the mean. Data were transformed by natural logarithm prior to analysis, with the exception of matrix metalloproteinase data. Prior to log transformation of lL-1β and IL-6, zero values were recoded as half of the lowest value detected by the ELISA (0.2 and 4.0 pg/mL, respectively). All statistical analyses were conducted using Intercooled STATA 8. 1 hour prior to intra-amniotic LPS (red arrowhead). In this animal, the intra-amniotic LPS administration was repeated at the same dose 7 days later in the absence of TLR4A and again at a higher dose 5 days later, demonstrating moderate recovery of LPS responsiveness.
RESULTS
Uterine Activity
The mean gestational age of inoculation was 135 days (range, 128-137 days).A representative animal from each experimental group is shown in Figure 1 . Prior to LPS inoculation, the uterus was quiescent in all animals, with an average HCA less than 1250 mm Hg . s/h (5000-10 000 HCA: moderate uterine activity; >10 000 HCA: preterm labor). LPS inoculation was associated with a significant increase in uterine contractility compared with saline infusion alone (Figure 2A ; LPS: 4593 ± 3321 HCA, saline: 267 ± 91 HCA; P = .02). Increases in uterine contractility occurred 4 to 15 hours after LPS inoculation with contractions generally building, and peak uterine activity achieved within 4 to 6 days. In 1 animal receiving 150 ng intra-amniotic LPS, uterine activity patterns met our center's criteria for delivery, resulting in cesarean delivery on day 6 postinoculation. In contrast, pretreatment with a TLR4A largely ablated this increase, and uterine contractility did not differ significantly from saline controls (Figure 2A ; LPS + TLR4A, 1304 ± 372 HCA). In the animals treated with a TLR4A, a repeat LPS challenge 1 week later was associated with only modest increases in uterine activity (2728 ± 1398 HCA) TNF-α, and PGE 2 , suggesting a blunted response ( Figure 1B) . In a single animal treated with a TLR4A, the second LPS challenge was associated with preterm labor, and cesarean delivery was performed 24 hours postinoculation. A second LPS challenge (10 μg) in an animal receiving only LPS (1 μg) induced both TNF-α and, to a lesser extent, PGE 2 ( Figure 1A ).
Cytokines and Prostaglandins
Following LPS intra-amniotic infusion, predictable increases in amniotic fluid cytokines and prostaglandins were observed (Figures 1, 2B, 2C ) followed by increased uterine contractility. LPS infusion alone was associated with significant increases in TNF-α (P < .001) and IL-8 (P = .02). In contrast, pretreatment with a TLR4A prevented increases in cytokines, prostaglandins, and uterine contractility. Pretreatment with a TLR4A resulted in decreases in IL-1β and significant reductions in TNF-α (P < .01) and IL-8 (P = .02) compared with LPS infusion alone. Similarly, LPS infusion resulted in significant increases in PGE 2 (P = .02) and PGF 2α (P = .01) versus saline controls that were reduced by TLR4A pretreatment (PGE 2 : P = .002; PGF 2α : P = .05). Amniotic fluid leukocytes followed a similar pattern to that of cytokines and prostaglandins and were significantly increased with LPS infusion alone versus saline controls (P = .001) and reduced by TLR4A pretreatment (P < .05; data not shown).
Matrix Metalloproteinases
To study the effect of LPS infusion and TLR4 antagonism on MMP, we measured the activity of MMP-2 and MMP-9 semiquantitatively by zymography and quantitated protein by Western blot in the LPS and TLR4A groups only. Neither LPS infusion nor TLR4A pretreatment was associated with a significant change in either the active or proenzyme forms of MMP-2 or MMP-9. There were also no significant differences between LPS and TLR4A groups in either the active or proenzyme forms of MMP-2 or MMP-9 (data not shown).
DISCUSSION
Our study objective was to determine whether blockade of the earliest (innate) immune response to a bacterial pathogen would inhibit preterm labor, cytokines, and prostaglandins. Our experimental system took advantage of a novel immunomodulator, a TLR4A, which inhibits LPS signaling that occurs during gram-negative bacterial infections. Creation of an LPS model of preterm birth in the NHP was a necessary first step in testing our hypothesis and had not previously been established. Prior animal models (ie, murine, rabbit) induced preterm labor by LPS injection into the peritoneal cavity, gestational sacs, or amniotic fluid. [19] [20] [21] Data from these animal models could not be used in predicting LPS sensitivity in the NHP amniotic cavity because lower mammals are significantly less sensitive to LPS than humans are. 22 As anticipated, the dose of LPS resulting in preterm labor in NHP was several orders of magnitude less than required for the mouse model. One study limitation was the use of LPS doses lower than 10 μg in the LPS infusion group, which acted to bias against our finding of a significant difference between the LPS and TLR4A pretreatment groups.The use of lower LPS doses occurred in the earliest phase of the experiments and was done to reduce the possibility of a maternal or fetal death due to insufficient knowledge regarding the effect of different doses of intra-amniotic LPS in NHP and humans. Despite the use of even very low doses, LPS infusion induced significant increases in uterine activity, amniotic fluid TNF-α, IL-8, PGE 2 , PGF 2α , and leukocytes. The temporal pattern of cytokine and prostaglandin upregulation after LPS infusion was similar to observations during intra-amniotic infection with group B streptococcus and Ureaplasma parvum. 6, 23 This is not surprising, as the macrophage activation program of gene responses to whole bacteria is highly congruent to that observed with LPS alone. 24 In contrast, pretreatment with a TLR4A prior to LPS infusion was associated with no significant increases in uterine activity, cytokines, or prostaglandins versus saline controls. Pretreatment with the TLR4A was also associated with significant reductions in amniotic fluid TNF-α, IL-8, prostaglandins, and leukocytes compared with LPS infusion alone. Although one might predict a priori that antagonist pretreatment would ablate the effect of an agonist, this assumption must be tested empirically in the course of drug discovery. Pretreatment with a TLR4 antagonist might not have been effective in vivo because of rapid drug clearance from the amniotic fluid or the inability to completely saturate LPS docking sites within the fetal membranes.
When LPS is administered repeatedly with doses closely spaced together (ie, hours, few days), subsequent LPS doses are associated with a diminished inflammatory response known as endotoxin tolerance. 25 Endotoxin tolerance is thought to be greatest 2 to 4 days after stimulation, with susceptibility returning by day 8 or earlier after the initial LPS dose. 26 Comparison of the effects of the second LPS dose on uterine activity and TNF-α production between LPS only and the TLR4A pretreated animals suggests that LPS susceptibility recovered and the blunted response in the TLR4A treatment group was likely a drug effect (Figure 1 ), although higher doses of LPS can reverse an LPS-tolerant state. Generally, diminished TNF-α production has been used as evidence of endotoxin tolerance in vitro and in other animal models with no reported change in PGE 2 levels induced by subsequent LPS doses. [27] [28] [29] Our preliminary data revealed no significant side effects of the TLR4A in our NHP model, such as fever or complement activation, which could potentially occur in an otherwise nontoxic lipid A analog (data not shown). 30 No significant adverse events have been observed with the use of other TLR4A in animals and humans in vivo. Neither of these properties has been observed during in vivo studies of E5564, another synthetic lipid A analog (Eisai, Inc, Woodcliff Lake, NJ), or with this TLR4A but will be thoroughly investigated in future studies. 31, 32 Second, although the drug half-life and clearance of this TLR4A is unknown, it is likely similar to lipid A and E5564. Lipid A and E5564 form complexes with high-density lipoproteins (HDLs) in plasma and serum rapidly after administration, which reduces the toxicity of lipid A and the TLR4A activity of E5564. 33 Amniotic fluid HDL levels are approximately 200-fold lower than in peripheral blood; therefore, the half-life of a synthetic lipid A analog should be significantly longer in the amniotic cavity. In human pharmacokinetic studies of E5564, TLR4A activity was measurable up to 8 hours after a 30-minute infusion but declined more rapidly in lower doses and with bolus dosing. 34 The combination of bolus dosing and low amniotic fluid HDL levels may have contributed to the observed sustained TLR4A activity even 1 week after initial dosing. Additional studies of graded dose-response relationships; pharmacokinetics; placental transfer, including intra-amniotic mechanisms that selectively sequester or degrade TLR4A; and potential fetal side effects remain to be determined.
We consider this work as proof of concept that blockade of TLR, the innate immune response to bacterial pathogens, is effective in blocking cell signaling, culminating in uterine contractions and the cytokine-prostaglandin cascade. Our prior studies have already demonstrated that other generalized immunomodulators targeting later events in the immune response, such as cytokine and prostaglandin synthesis, are also effective in inhibiting contractions in our NHP model. Dexamethasone (corticosteroid; cytokine suppressant), indomethacin (inhibitor of prostaglandin synthesis), and IL-10 (anti-inflammatory cytokine) have been studied in our NHP model. 7, 8 All 3 drugs inhibited cytokine-induced (IL-1β) uterine contractility but differed in their ability to suppress specific amniotic fluid cytokines and prostaglandins. Although intra-amniotic and intravenous IL-10 inhibited TNF-α and prostaglandins, it was impractical to administer and did not suppress other cytokines and hormones. We have recently demonstrated that ampicillin plus dexamethasone and indomethacin delayed preterm birth induced by group B streptococcus by 8 days. 9 It is possible that TLR blockade of the innate immune response, in combination with antibiotics, will result in a longer latency period or perhaps even prevention of infection-induced preterm birth.
There is a prevalent view that early diagnosis and treatment of intra-amniotic infection is not reliable or costeffective and that subsequent preterm labor is irreversible. We disagree with this nihilistic view for 2 reasons: Infectioninduced preterm labor in the NHP model is delayed by anti-inflammatory drugs, and recent studies suggest that rapid identification of women with intra-amniotic infection will become possible. After experimental infection in the NHP model, novel amniotic fluid peptides were discovered by proteomics-based analysis as early as 12 hours after infection. 35 Two of the 4 amniotic fluid peptides, calgranulin and a unique fragment of insulin-like growth factor binding protein 1 (IGF-BP1), were also identified in the amniotic fluid of women with subclinical intra-amniotic infection and preterm labor. Detection of calgranulin and the IGF-BP1 peptide was possible even in maternal serum. A rapid screening test for these peptides would allow obstetricians to diagnose intra-amniotic infection at an early stage, when treatment is likely to be successful. Future therapeutic trials would also be able to target a well-defined group of women with intrauterine infection.
In summary, TLR4 blockade may become a critical component in treating preterm labor induced by gram-negative bacteria. The combination of blocking TLR, the earliest step in the immune response, antibiotic treatment of the infection, and downregulation of cytokine and prostaglandin synthesis is the cornerstone of our conceptual model in investigating novel interventional or treatment strategies for infection-induced preterm labor.
